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Abstract
The expansion of rubber cultivation into drought prone areas calls for innovative management to increase the drought resistance
of the trees. The competition for water exerted by an intercrop in the upper soil layers will likely stimulate the growth of young
rubber tree roots into deeper soil layers where water availability is more stable. This study examined the effects of a legume
(Pueraria phaseoloides) and a grass (Vetiveria zizanoides) intercrop, on the fine root traits of young rubber trees (Hevea
brasiliensis Müll. Arg.) established along a toposequence covering a range of soil depths in northeast Thailand. Two plots with
and without the intercrops were set up in a 3-year-old rubber plantation. Tree girth, mortality rate, nutrient content in the leaves,
predawn leaf water potential, and soil water content profiles were monitored over four successive years. Fine root length density,
specific root length, fine root biomass, and fine root diameter of the rubber trees were measured in the fourth year. In shallow
soils, the trees with the legume intercrop had a higher growth rate, a higher leaf nutrient content, and a higher fine root length
density in the deepest soil layers than the controls, supporting the hypothesis of an adaptive root response, increasing drought
resistance. However, the trees with the grass intercrop did not show this effect. In deep soils, specific root length was highest
without the intercrops, and the soil water profile and predawn leaf water potential suggested that trees with intercrops benefited
from increased water extraction below 110 cm depth.We showed, for the first time, that rubber tree root traits can be manipulated
through intercropping to improve drought resistance. However, our results suggest intercropping might not reduce risks of tree
mortality caused by drought in the shallowest soils of the subhumid area of northeast Thailand.
Keywords Hevea brasiliensis . Pueraria phaseoloides . Vetiveria zizanoides . Intercrop . FRLD . SRL . Predawn leaf water
potential . Soil water profile . Soil depth . Agroforestry . Northeast Thailand
1 Introduction
Rubber tree cultivation (Hevea brasiliensis Müll. Arg.) is a
major economic activity of South-East Asia and is expanding
rapidly into areas with low and unreliable rainfall. This makes
it necessary to develop agricultural management techniques to
reduce the effects of droughts, particularly during the imma-
ture phase of the tree. Changing the tree root architecture using
intercrops has been suggested as one way of achieving this
(Forey et al. 2017; Kaye and Quemada 2017; Schroth 1999).
However, while the effects of intercrops on rubber tree growth
have received considerable attention (Broughton 1977;
Clermont-Dauphin et al. 2016; Delabarre 1998), their effects
on the tree root architecture and the drought resistance of the
trees have been less documented.
A tree root system is generally described in terms of two
groups of roots with different morphologies and sizes. The
division between these two groups is based on their diame-
ter, with an artificial but conventional limit of 2.0 mm
(Persson 1983). One group, made up of medium and coarse
roots, with a diameter greater than 2.0 mm, is responsible
for anchoring the tree to the soil (Crook and Ennos 1998)
and for transporting water from the deep soil horizon
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(Schenk and Jackson 2002). The other group is made up by
fine roots with diameters less than 2.0 mm and is chiefly
responsible for water and nutrient uptake (Pregitzer et al.
2002; Wang et al. 2017) these are referred to as “feeder
roots” in the older literature (Ford 1952; Soong 1976). The
fine root biomass (FRB) and fine root length density
(FRLD) are the most common root traits measured in
agronomical and ecological root studies (Hendrick and
Pregitzer 1993). Specific root length (SRL), calculated as
the ratio of root length to dry biomass and fine root diameter
(FRD), are generally used as proxies for potential fine root
growth (Espeleta and Donovan 2002; Wang et al. 2014) and
to characterize the trade-off in root construction at a com-
munity level (Roumet et al. 2016); Quite a few studies have
been carried out on the evaluation of fine root traits of rub-
ber trees in field conditions (Devakumar et al. 1999; Jessy
et al. 2010; Jessy et al. 2013; Soong 1976; Maeght et al.
2015). However, there is a need for more study of the po-
tential for manipulating young rubber tree root systems
through intercrop interactions to improve their drought
resistance.
In a field study, Jessy et al. (2010) found higher FRLD of
rubber trees in the top seven centimeters of soil under
drought conditions and with lower soil fertility in the sur-
face layer. Similarly the FRB of rubber trees in the top 0.15-
m soil layer was higher in a rainfed plot than in an irrigated
plot (Devakumar et al. 1999) with a more uniform vertical
root distribution in the top 0.45-m soil layer in the irrigated
plots than in the rainfed plots. Jessy et al. (2013) reported
higher fine root production, turnover and carbon and
nutrient recycling through fine roots when the trees were
subject to water stress and nutrient stress. Maeght et al.
(2015) by monitoring the root system up to a depth of
4.5 m, showed that deep roots of rubber trees only extended
when rainfall became scarce, which was interpreted as an
adaptive response of trees to water stress. These results sug-
gest that rubber tree root systems would have enough plas-
ticity to develop deep roots in response to the competition
for resources. However, beneficial compensatory deep root
growth may not be possible if the local soil is not deep
enough or if the intensity and nature of the intercrop inter-
actions hamper tree root growth (Schroth 1999).
This study evaluated the effect of a legume (Pueraria
phaseoloides) intercrop and a grass (Vetiveria zizanoides)
intercrop on the fine root traits of young rubber trees. We
tested four hypotheses: (1) both intercrops modify the
rubber tree root traits and distribution through the soil
profile; (2) the legume intercrop promotes deep root de-
velopment in response to increased water stress and nitro-
gen facilitation; (3) the grass intercrop promotes a shallow
tree root system in response to both strong water and
nutrient competition; and (4) The effects of intercrops
on the trees will depend on the soil depth.
2 Materials and methods
2.1 Site
The experimental field was on a gentle slope of 5%, near in
Ban Non Tun Village in the Phra Yuen district in Northeastern
Thailand (Isan) (16° 28′ N, 102° 45′ E). This is one of the
driest regions in Thailand. The average annual rainfall of
1400 mm/year over the study period (2007–2010), fell mainly
between May and October. The mean temperature was 30 °C
from March to October and 25 °C from November to
February. Figure 1 shows the relationship between precipita-
tion (P) and the reference evapotranspiration (ET0) calculated
using the Penman-Monteith equation. The dry seasons with a
negative water budget (P-ET0 < 0) generally occurred be-
tween October and April. However, in 2010, the dry season
was particularly long as it continued until July.
The soil was classified in the Paleustults (US Soil
Taxonomy system). It comprised a highly permeable sandy
loam top soil layer, which was 0.6 m thick at the top of the
toposequence and 1.3 m thick at the bottom, overlying a
quasi-impermeable clay layer 0.20 m thick at the top of the
toposequence and 0.70 m thick at the bottom. The bedrock
Fig. 1 Photos of a rubber tree row
with Pueraria phaseoloides (left)
and Vetiveria zizanoides (right) as
intercrops in the 7-m wide
interrows on both sides of the tree
row. The intercrops were cut
every 3 months and the residues
spread on the soil surface. The
intercrops regrew naturally after
each cut. The trees were 4 years in
the photo
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was highly weathered and fractured sandstone. The sandy soil
layer was slightly acidic (pH 5 to 6), with low CEC ranging
from 2 to 3 cmol/kg and low soil organic matter (SOM) rang-
ing from 0.3 to 0.5%. The maximum soil water storage capac-
ity at the top of the toposequence (from the soil surface to the
bedrock) was 248 mm and increased more than threefold at
the bottom of toposequence to 676 mm (Clermont-Dauphin
et al. 2016).
2.2 Experimental design and crop management
The experiment was set-up in 2007 in a 3-year-old rubber
plantation and continued for 4 years (2007–2010). The trees
were still in juvenile phase at the end of the experiment. Three
systems were tested: rubber tree alone (Control), rubber trees
with Pueraria phaseoloides intercrop (Pueraria), and rubber
trees with Vetiveria zizanoides intercrop (Vetiveria). They
were grouped into blocks with one plot per system. One block
was at the top of toposequence and the other at the bottom.
The trees (clone RRIM 600) were planted at a spacing of 7 m
between rows and 3 m between trees within each row, giving a
tree density of about 476 trees ha−1. The intercrops were
planted in the interrows (Fig. 2). The plot sizes were 21 m ×
69 m and each plot had three rows of 23 trees, two interrows,
and a half interrow on each side. The intercrops took one rainy
season to cover the entire area. From the second year of the
experiment, they were cut every 3 months and their residues
spread on the soil surface in place. The average dry biomass of
the legume residues was 8 t ha−1 year−1, while that of the grass
was 16 t ha−1 year−1. Except after the severe dry season of
2010 where most of the intercrops died, the intercrops regrew
naturally after each cut. The Control plots were weeded by
hand every 3 months. No manure was applied on the plots.
Chemical fertilizer was applied as recommended for pure
stands of immature rubber tree plantations. The NPK dose of
80-20-40 g tree−1 (equivalent to 38-9.5-19 kg ha−1 year−1) was
split into two applications in July and September and applied
inside a 1-m diameter circle around each tree and incorporated
into the top 5–7 cm of the soil. No fertilizer was applied in the
interrows. Until the end of the monitoring period, the tree
canopy remained sparse and did not compete with the inter-
crops for light.
These intercrops are not common in the rubber tree planta-
tion of the study region. Most farmers cultivate pure stands of
rubber trees or use cassava as intercrop. Pueraria is more
common in rubber plantations in humid areas of the Ivory-
Coast where it gradually dies as the tree canopy closes
(Delabarre 1998). Vetiveria is more generally used as hedge
to control soil erosion on steep slopes. Here, contrary to the
usual practice, the intercrops were cut to reduce their compe-
tition with the trees for resources during the dry season, and
provide mulch residues to improve the soil nutrient recycling,
water conservation and reduce soil erosion. Pueraria might
also improve the young tree nitrogen uptake through atmo-
spheric nitrogen fixation. The intercrops were introduced only
when the trees were 3 years old to prevent the risk of tree
mortality induced by excessive competition for water by the
intercrops in a newly established plantation.
2.3 Parameters measured
2.3.1 Tree girth, and N, P, and K concentration in leaves
The girth of the 23 trees in the central tree row of each
plot was measured from April 2007 to January 2011
every 15 days, with a measuring tape at 1.50 m above
the soil surface. N, P, and K concentrations in the tree
leaves were analyzed on three composite samples col-
lected in June 2009 from each plot. Each composite
sample comprised 23 fully expanded leaves. One leaf
was collected from the top of a branch of each of the
23 trees in the central row of the plot. After being dried
(70 °C, 72 h), and ground (< 0.2 mm), the samples were
analyzed for N, P, and K contents. N was measured by
the Kjeldahl digestion method. P and K were measured
by digestion with HClO4.
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Fig. 2 Average daily rainfall and
reference evapotranspiration
(ET0, FAO Penman-Monteith
method) in the study site over the
monitoring period (2007–2011)
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2.3.2 Predawn leaf water potential and tree mortality
The tree predawn leaf water potential (Ψp) was measured in
the three plots at the top and bottom of the toposequence from
April 2007 to January 2011 every 15 days. All the Ψp mea-
surements were carried out for two fully expanded leaves in
sunny positions on three trees selected from the central row of
each plot, between 4:00 and 6:30, using a pressure chamber
(PMS 1000, PMS Instrument Company, Corwallis, Oregon,
USA). Trees with at least 75% necrotic branches were classi-
fied as dead. They were counted every year at the end of the
dry season.
2.3.3 Soil water profiles
Soil water content (SWC) was measured fortnightly from
March 2008 to June 2010 using capacitive soil moisture
probes (Sentek, EnvironScan, Sentek sensor technologies,
Stepney SA, Australia). In each plot at the top and bottom of
the toposequence, three access tubes were installed in a tree
row and three in the adjacent interrow. The tubes within the
row were 1 m away from the nearest tree, and the correspond-
ing tube in the interrow was 2 m away from the tree row,
opposite this tree. The soil moisture probes went down to
2 m, so, at the top of the toposequence, it was necessary to
drill into the bedrock to install the access tubes. SWC was
measured every 0.2 m from 0.1 m down to 1.4 m deep at the
bottom of the toposequence and to 0.80 m deep at the top of
the toposequence. Each access tube was calibrated gravimet-
rically in situ for various soil layers in the dry and rainy sea-
sons, to assess the dry and nearly saturated soil water content
accurately.
2.3.4 Length and biomass of fine roots
In June 2010, fine root samples were collected using a cylin-
drical root auger (4 cm in diameter, 0.1 L in volume), from 12
positions around one tree per plot, at the top and bottom of the
toposequence. In each plot, the selected tree was representa-
tive in size and vigor for the trees of the whole plot. Of the 12
samples, six were from within a row (three on each side of the
tree), at a distance of 1 m from the trunk, and six were from the
interrow (three on each side of the tree) at a distance of 2 m
from the trunk. At each point, undisturbed soil cores were
collected at 0.10 m intervals down to 0.80–0.85 m deep at
the top of the toposequence and down to 1.40–1.45 m at the
bottom, corresponding to the average bedrock depth at the top
and bottom of the toposequence. Within 3 days, all roots were
sorted from the soil samples using a 0.5-mmmesh size double
sieve and then washed. Coarse and fine roots were separated
on basis of their diameter, with 2 mm as the criterion. The fine
roots were oven dried at 65 °C for 48 h and weighed to cal-
culate their dry biomass. Root lengths and diameters were
measured by scanning according to the procedure described
by Pierret et al. (2013). Fine root length density (FRLD) was
calculated as the total fine root length divided by the corre-
sponding soil volume. Specific root length (SRL) was calcu-
lated by dividing the total fine root length by the root dry
biomass. Since the intercrops were completely dead when
the roots were sampled, we assumed that most of the roots
sampled were from the rubber trees. Rubber tree fine roots are
usually pale yellowish in color and unsuberized (Soong 1976),
and, therefore, easy to distinguish from Pueraria fine roots
which are rather whitish and thinner and from those of
Vetiveria which are rather rigid and tortuous.
2.4 Data analysis
The data was analyzed using the STATISTICA package. The
experimental design was characterized as having a topograph-
ic position (top or bottom) and cropping system (Control,
Pueraria or Vetiveria) as independent variables. In each plot,
the 23 trees measured for trunk girth were considered as rep-
licates for the girth (N = 23). Three composite leaf samples
were considered as replicates for nutrient concentration mea-
surements (N = 3) and three trees as replicates for Ψp mea-
surements (N = 3). The average soil water content (SWC) at a
given depth was calculated by pooling the six measurements
in the rows and interrows of each plot (N = 6). The average
FRLD at a given soil depth was based on 12 samples collected
from the rows and interrows of each plot (N = 12). Each var-
iable was checked for normality using the chi–square test.
Since the FRLD data were not normally distributed, they were
analyzed using non-parametric Kruskal-Wallis test to compare
the effect of the independent variables at each soil depth. The
other results were normally distributed analyzed using two-
way ANOVA with the independent variables as the factors.
The probability level used to determine significance was
P < 0.05. Where appropriate, mean values were compared
using the Newman-Keuls test at the 5% level.
Data availability statement The datasets analyzed during the
current study are available from the corresponding author on
reasonable request.
3 Results and discussion
3.1 Effects of the intercrop species on the rubber tree
nutrient status, growth and drought resistance
3.1.1 Rubber tree girth and N, P, and K concentrations
in the leaves
The girths were generally larger in the Pueraria plot than in
the Vetiveria and the Control plots, and the difference between
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plots was much greater in the deep soil at bottom of the
toposequence (Fig. 3). The girths in the Vetiveria plots were
slightly smaller at the start of the monitoring period, but by the
end the tree growth at bottom of the toposequence appeared to
be recovering from the strong early competition from the
grass. At the top and bottom of the toposequence, the intercrop
resulted in higher N, P, and K concentration in the rubber tree
leaves than in the Control plots. Tree leaf N and K concentra-
tion in the Pueraria plots was higher than in the Vetiveria
plots, while the P concentration was similar. The N and K
concentrations were lower at bottom of the toposequence than
at the top (Table 1).
3.1.2 Predawn leaf water potential (Ψp) of rubber tree leaves
and tree mortality
At the end of each dry season from March 2008 to
March 2010, Ψp was significantly higher, indicating lower
water stress in all plots at the bottom of the toposequence than
in those at the top. Ψp was significantly higher in the inter-
crops than in the Control in two cases (1) in the rainy season,
where the trees benefited from the mulch in the intercrop plots
and were less affected by the short dry periods in this season,
and (2) during the severe drought in June 2010 at the bottom
of the toposequence (Table1). At the top of the toposequence,
however, Ψp was lower in the Pueraria plot than in the
Control plot during the dry seasons. After the dry season
2010, the tree mortality at the top of the toposequence was
5% in the Vetiveria plot, 22% in the Control plot, and 50% in
the Pueraria plot. No trees died in the plots at the bottom of
the toposequence (Table 1).
3.1.3 Relationships between the variables
The higher tree leaf N content observed in the Pueraria plot
was probably related to the transfer of nitrogen, fixed by the
legume, to the tree (Clermont-Dauphin et al. 2016). At bottom
of toposequence, where water was not limiting, the higher
nutrient availability significantly increased the tree girth in
the Pueraria plot with respect to the Control. However, in
the shallow soil at the top of toposequence, the increased
water demand of the larger trees in the Pueraria plot increased
the risk of tree mortality during severe drought. In the
Vetiveria plots, the improved water and nutrient status did
not result in higher girths than in the Control plots. The
lower nutrient content of the tree leaves at the bottom of the
toposequence than at the top may be related to the lower water
stress and higher growth rate of the trees at the bottom, leading
to dilution of nutrients in the higher tree biomass, as already
shown by Lemaire and Gastal (1997) for annual crops.
3.2 Root plasticity: effect of soil water content
and tree plant nutritional status on the tree fine root
traits
3.2.1 Soil water content
The highest soil water content was in October at the end of the
rainy seasons, and averaged 30 to 35%, corresponding to sat-
uration. During the dry seasons, the lowest soil water content
was 10–15% in March, about 1/3 of saturation. This agreed
with the soil water budget calculated as the difference between
rainfall and ET0 (Fig. 1). In the dry seasons in March 2009
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and 2010, SWC at a soil depth of 110 cm was significantly
lower in the Pueraria plots at the bottom of the toposequence
than in the Control and Vetiveria plots (Fig. 4).
3.2.2 Fine root length density
At the top of the toposequence, the fine root length density
(FRLD) of the rubber trees averaged over the entire soil profile
(from 0 to 85 cm) was 0.75 ± 0.08 cm cm−3 and was not
significantly different between plots (Table 1). For all plots,
the FRLD was highest in the 0–25-cm soil layer, representing
70% of the total FRLD in the Control plot, 68% in the
Vetiveria plots and 53% in the Pueraria plot (Fig. 4). FRLD
of rubber tree in Pueraria plot increased below 50 cm and
became significantly higher than in the Control and Vetiveria
plot below 70 cm. At the bottom of the toposequence, the
FRLD of the rubber trees averaged over the entire soil profile
(from 0 to 145 cm) was significantly higher in Pueraria at
0.92 ± 0.006 cm cm−3 (Table 1). Figure 5 shows that the ver-
tical FRLD distribution was more uniform in Pueraria plot
than in the control, and less uniform in the Vetiveria plot.
Fifty-four of the total FRLD in the Vetiveria plot was in the
0–25-cm soil layer, whereas only 28% was in this soil layer in
the Pueraria plot.
3.2.3 Fine root biomass, specific root length, and fine root
diameter
At the top of the toposequence, the fine root biomass (FRB),
the specific root length (SRL) and the fine root diameter
(FRD) of the rubber trees were not significantly different be-
tween plots (Table 1). However, at the bottom of the
toposequence, the Pueraria plot had the highest FRB and
FRD and the lowest SRL, less than half that of the Control
plot (Table 1). There was no significant difference between
top and bottom of toposequence for FRB, SRL and FRD.
3.2.4 Relationships between rubber tree root traits, nutrient
limitations, and soil water content
Our results agreed with other studies showing that water lim-
itation encouraged vertical root extension whereas nutrient
limitation encouraged lateral root extension (Jessy et al.
2010; Jessy et al. 2013; Wang et al. 2017). At the top of the
toposequence, where the water stress was particularly high
(Table 1), the combination of competition for water and N
facilitation caused in increase in fine roots at depth in the
Pueraria plot (Fig. 5). However, in the Vetiveria plot where
tree growth was slower, the fine roots mainly grew in the top
soil layers. As found for a peach tree/grass cropping system, a
Table 1 Summary of indicators recorded from the trees. Means are
calculated from: (1) n = 3; (2) n = 6 average of March 2008 and 2009;
(3) n = 6 average of Oct 2008, 2009, and 2010; (4) n = 6; (5) n = 23; (6)
n = 108, in 0–85-cm soil layer at top of toposequence, and n = 180, in 0–
145-cm soil layer at bottom of toposequence. Different letters in the same
line indicate significant difference at P < 0.05 level according to
Newman-Keuls test. FRLD = fine root length density, SRL = specific
root length
Plot position on the toposequence Top (shallow soil) Bottom (deep soil)
Treatments Control Pueraria Vetiveria Control Pueraria Vetiveria
Leaf nutrient status in June 2009 (%)
N (1) 1.95 c 2.71 a 2.26 b 1.53 d 2.56 a 1.92 c
P (1) 0.15 c 0.19 b 0.19 b 0.16 b 0.20 a 0.19 a
K (1) 0.49 c 0.61 a 0.56 b 0.45 c 0.53 c 0.47 c
Leaf water potential in predawn (MPa)
Ψp March (2) (end dry season 2008, 2009) − 0.52 b − 0.58 c − 0.40 b − 0.36 a − 0.35 a − 0.34 a
Ψp October (3) (end rainy season 2008, 2009) − 0.26 b − 0.24 a − 0.22 a − 0.32 c − 0.27 b − 0.21 a
Ψp June (4) (end dry season 2010) − 0.70 b − 0.87 c 0.79 bc − 0.75 b − 0.52 a − 0.54 a
% dead trees in 2010 (5) 22 50 5 0 0 0
Girth (cm) in 2010 (5) 19 b 20 b 16 b 17 b 25 a 18 b
Root traits in June 2010
FRLD (cm cm−3) (6) 0.84 b 0.75 b 0.67 b 0.73 b 0.92 a 0.60 b
Fine root biomass (g/ dm−3) (6) 0.33 b 0.40 b 0.38 b 0.39 b 0.74 a 0.31 b
SRL (m g−1) (6) 29 b 19 b 25 b 33 a 14 bc 22 b
Root diameter (mm) (6) 0.37 b 0.38 b 0.37 b 0.36 b 0.54 a 0.42 b
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large reduction in plant growth, due to the intercrop, may not
leave the roots system with enough carbon to invest in deep
root growth (Forey et al. 2017). At the bottom of the
toposequence, root plasticity was also observed with the trees
in Vetiveria plot having the strongest variation of FRLD with
soil depth, probably as an effect of low soil nutrient availabil-
ity (Fig. 5). The higher nutrient availability with the N fixing
Pueraria intercrop reduced the need for explorative fine roots
and accounted for the relatively low SRL, in agreement with
other studies (Olsthoorn et al. 1991; Ostonen et al. 2007;
Wang et al. 2017). FRLD and SRL were similar to those for
mature rubber trees grown in field conditions of northeast
Thailand (Maeght et al. 2015).
If the total biomass is optimally partitioned, more carbon
should be allocated to root growth than to leaf and stem growth
when water availability decreases, resulting in either a larger
FRB to aboveground biomass ratio or a higher fine root turnover
or both (Poorter et al. 2012). Our results showed this effect when
comparing the tree behavior in Pueraria plots at the top and
bottom of the toposequence. At the top of the toposequence,
where water stress was high, the tree trunk at the end of the
monitoring period was 60% smaller than that in the correspond-
ing plot at the bottom of the toposequence (Fig. 3) while the fine
root biomass was reduced by 45% only (Table 1).
3.3 Measured root traits do not completely explain
how the intercrops improved the drought resistance
At bottom of the toposequence, during the severe dry period
of June 2010, the water depletion at soil depths of 70 to
145 cm was higher in the intercrop plots than in the Control
(Fig. 4) this was coupled with a lowerΨp in the intercrop plots
(Table 1) suggesting that the water depletion in deeper soil
layers was due to increased uptake by the trees and not the
intercrops. Therefore, it could be concluded that the competi-
tion from the intercrop favored vertical root exploration and
water uptake from the deep soil layers. This interpretation is
supported by the higher FRLD in deep layers in the Pueraria
plot.
Although this interpretation fits the Pueraria inter-
crop, it is not a full explanation for the Vetiveria inter-
crop. Although the soil water content in the deep layers
was reduced, this was not associated with a higher
FRLD for the trees. The must, therefore, be processes
other than the measured changes in morphological char-
acteristics of the fine roots to explain the improved tree
water status during the 2010 dry season in the Vetiveria
plots. One of these processes might be related to the
stimulation of arbuscular mycorrhizal fungi (AMF)
a
c d
b
Fig. 4 Soil water content (%)
along the soil profile at bottom of
toposequence at end of rainy
season 2008 (a) and 2009 (c) and
end of dry season 2009 (b), and
2010 (d). Horizontal bars denote
standard errors. Values followed
by the same letter within a soil
depth are not significantly
different (P < 0.01, Newman-
Keuls test)
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providing more efficient access to water from deep soil
layers. This hypothesis is supported by various recent
studies (Verzeaux et al. 2017; Wang et al. 2017).
The root profiles may be analyzed in light of the con-
cept of “critical FRLD for water capture”. The critical
water capture was defined as the minimum FRLD for full
water capture and the average value of 1 cm cm−3 was
proposed for it (Barraclough 1984; Brown et al. 1989).
According to this critical value, rubber tree FRLDs re-
corded at bottom of toposequence, was too low for full
water capture below the soil depth of 30 cm in Vetiveria
and Control plots, and 50 cm in Pueraria plot. The same
analysis at top of the toposequence indicated that full
water capture was limited to the first 15 cm in Pueraria
and Vetiveria plots and 25 cm in Control plot. As pointed
out by White et al. (2013), whereas critical FRLD is used
as a key parameter for modeling plant water uptake (King
et al. 2003), validation efforts using a range of crop spe-
cies and soil types should be continued to completely rely
on it to analyze field observations.
4 Conclusions
Our field study confirmed for the first time that various traits
of the root system of young rubber trees were modified by
intercrop interactions (hypothesis 1). The FRLD of the trees
showed adaptive responses to water stress when the intercrop
was the legume Pueraria phaseoloides. This was particularly
clear on shallow soils with limited available water and was
expressed by an increase FRLD in deep soil layers (hypothesis
2). However, because of the increased water demand associ-
ated with the increased nutrient availability and consequent
growth, tree mortality was particularly high in the legume
a
b
Fig. 5 Mean fine root length
density (FRLD, cm/cm3) of
rubber tree along the soil profile at
top (a) and bottom (b) of
toposequence during the dry
period of June 2010. Horizontal
bars denote standard errors of the
means. Values followed by the
same letter within a soil depth are
not significantly different (P <
0.01, Newman-Keuls test)
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intercrop plots on shallow soil (hypothesis 4). When the inter-
crop was Vetiveria zizanoides, the low nutrient availability
and/or low growth of the trees did not allow the rubber tree
root extend the root system vertically (hypothesis 3) and
Vetiveria intercropping was associated with shallow root sys-
tems, low tree growth, low water demand, and high drought
resistance. At the bottom of the toposequence, rubber trees
growing in the Pueraria plot had the highest FRB, the lowest
SRL (hypothesis 2, 4), and were most resistant to drought.
There are some practical lessons for the expansion of
Hevea/intercrop systems into the study area. (1) Both inter-
crops can be recommended for modifying the tree root system
functioning to increase drought resistance during the juvenile
phase of the trees. Of course, they will gradually disappear
with the tree canopy closure (2) Pueraria phaseoloïdes
should, however, be avoided in shallow soils less than
75 cm depth, as it increases the water demand and the risks
of tree mortality. (3) Vetiveria zizanoides should be planted
with a greater distance from the trees and with an increase in
the grass cutting frequency. This will reduce the risk of com-
petition from the grass and leave the trees with enough carbon
to invest in deep root when the water supply becomes limiting.
(4) Even with the management system used in this study, in
deep soils more than 100-cm depth, trees with Vetiveria
intercrop may recover from the strong early competition
by the intercrop before the end of the juvenile phase of
the plantation.
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